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Abstract 
The micro rebound hardness test is characterized by using a small and hard ball as an impact element and measuring the 
restitution coefficient of the ball against the test piece as a hardness property of the test piece. In this study, in order to 
determine the specifications for the prototype tester presently under development, the features of the restitution coefficient 
measured by the test were investigated by computer simulation. In the simulation, the impact ball and the test piece were 
assumed to be an elastic body and an elastic-plastic body, respectively. Through the simulation, the influences of the factors in 
the impact ball side, Young’s modulus, density and hardness, and of the factors in the test piece side, yield stress, work-
hardening index, Young’s modulus and thickness, on the restitution coefficient, essential for determining the specifications of 
the tester and important for understanding the hardness test result, were revealed.  
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1. Introduction 
Shore rebound hardness tester is used for measuring the hardness of massive and heavy parts such as milling 
rolls. However, this tester has a restriction in testing pose, that is, the impact body should be dropped on a testing 
material by gravity. This restriction in testing pose was removed with the advent of the tester “EQUOTIP” 
developed by Leeb (1986). Combined with ease of handling, the tester is now widely used in industry. However, 
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these testers are not suited for measuring the hardness of small parts because mass of the impact body used in these 
testers is large, hence the mass effect appears on the test result as an inaccurate one. Therefore, hardness 
measurement of small parts with these testers requires specimen holders with large mass. Thinking of the impact 
body used for rebound type hardness tester, it will be concluded that an ultimate impact body or impact element is a 
ball of perfect sphere. Talking of hardness measurement using a ball as an impact element, there exists “Impact 
hardness testing method” devised by Nakamura et al. (1985). Relating to the method, development of a prototype 
hardness tester with a name “micro rebound hardness tester” is presently in progress. In the micro rebound 
hardness test, a small and hard impact ball is shot at a test piece and the impact and rebound speeds of the ball are 
measured to evaluate the restitution coefficient as a hardness property of the test piece. In the impact hardness test, 
a hardened steel ball was used as an impact ball so as to detect the speeds electromagnetically. However, in the 
micro rebound hardness test, ceramic balls are targeted as an impact ball as well as hardened steel ball and 
cemented carbide ball including ferromagnetic cobalt as binder. Therefore, an optical system is employed to detect 
the speeds in the new tester. For the development of the new hardness tester, Yamamoto et al. (2011) have recently 
measured the restitution coefficients of cemented carbide ball and ceramic ball by a free fall test, and Yamamoto et 
al. (2013, 2014) discussed the mass effect in the micro rebound hardness in comparison with Shore hardness and 
Leeb hardness. In this study, in order to obtain the information for determining the specifications of a prototype 
tester, the influences of material properties of impact ball and mechanical properties of test piece on measured 
restitution coefficient were investigated through numerical simulation with a great merit that the response of the 
restitution coefficient to individual variation of the affecting factors can be known.  
2. Calculation method 
2.1. Deformations of impact ball and test piece 
In the simulation, a hardened steel ball (bearing ball of SUJ2 in JIS) was targeted at as an impact ball and a steel 
sheet as a test piece, and the impact ball and the test piece were treated as an elastic body and an elastic-plastic 
body, respectively. And the deformations in the impact ball and the test piece at their collision were calculated by 
FEM with axisymmetric model composed of four-node quadrangle elements to estimate the changing velocity of 
the impact ball during the collision. A meshed model for the impact ball 3 mm in diameter and test piece 6 mm in 
thickness standardized in this study is shown in Fig.1. The regions and the vicinities where the impact ball and the 
test piece will be in contact in the collision are finely meshed compared to the others. The FEM analysis of the 
deformations caused by the collision is fundamentally as same as in the computer simulation of the impact 
hardness (Maki et al., 1997) except element type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Original mesh used for analysis, standardized in this study. 
r
z
Impact ball
(node:504, element:460)
Test piece
(node:1089, element:1024)
1398   Seijiro Maki and Takashi Yamamoto /  Procedia Engineering  81 ( 2014 )  1396 – 1401 
2.2. Flow stress of test piece 
A flow stress Vof the test piece was assumed to be given by 
nF HV   ,                                                                                                                                                        (1) 
where F is the plastic coefficient, H is the strain and n is the work hardening index. By giving Young’s modulus 
and yield stress of the test piece by Et and Vy, respectively, the plastic coefficient F can be given by 
      ny
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2.3. Motion of impact ball 
Velocity of the impact ball changing in the striking process is given by 
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where vj is a momentary velocity of the impact ball at j-th step, pj is a total reaction force in the z-direction at j-th 
step for all the nodes of the test piece in contact with the impact ball, 'x is a change in the position of the impact 
ball in which a dimensional change in the radius of the impact ball by elastic flattening is taken into account and m 
is a mass of the impact ball. 
The velocity in the rebound process is also given by Eq. (3) having its beginning sign – changed into +. 
3. Computational results 
3.1. Relation between restitution coefficient and impact speed 
Fig. 2 shows the variation of the restitution coefficient e with the impact speed vi under the variation of work 
hardening index n at the fixed yield stress Vy = 980 MPa in the case that an impact ball is a hardened steel ball 3 
mm in diameter. The restitution coefficient decreases by increasing the impact speed. The decrease of the 
restitution coefficient by increasing the impact speed implies a relative increase of the energy consumed by plastic 
deformation of the test piece. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Variation of restitution coefficient e with impact speed vi. (Vy= 980 MPa, n= 0.01, 0.05, 0.1, 0.2, 0.3 and 0.5). 
3.2. Affecting factors in test piece side 
Relating to the influence of yield stress of the test piece, Table 1 gives the restitution coefficients e of the 
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speed vi= 10 m.s-1. As the yield stress increases, the restitution coefficient becomes large. This behavior can be 
understood as a result that the energy absorption by elastic deformation relatively increases by an increase of the 
yield stress. 
Table 1.  Relation between restitution coefficient e and yield stress Vy of test piece. (n= 0.01, vi= 10 m.s-1) 
Yield stress of test piece  Vy [MPa]            196            294            490            980             1960           2940  
Restitution  coefficient  e                           0.224         0.275         0.355         0.502          0.665          0.793 
 
Relating to the influence of thickness of the test piece, Table 2 shows the variation of the restitution coefficient e 
of the hardened steel ball 3 mm in diameter against the steel test pieces having a different thickness t at the impact 
speed vi= 10 m.s-1. The restitution coefficient begins to decrease near the thickness 2 mm, and the decrease 
becomes remarkable at the thickness less than 2 mm. The decrease of the restitution coefficient is caused by 
insufficient constraint of deformation in the test piece by the material surrounding the indent formed by striking of 
impact ball. 
 Table 2.  Relation between restitution coefficient e and thickness t of test piece. (Vy= 980MPa, n= 0.01, vi= 10 m.s-1) 
Thickness of test piece  t [mm]          0.4         0.8         1.2          1.6          2.0         2.4          3.0         4.0          6.0  
Restitution  coefficient  e                   0.389     0.447     0.469      0.480     0.485     0.492      0.493      0.499      0.501 
 
Relating to the influence of Young’s modulus of the test piece, Table 3 gives the restitution coefficient e 
varying with Young’s modulus Et of the test piece. The restitution coefficients given in the table were obtained for 
the fixed yield stress Vy= 980 MPa and work-hardening index n= 0.01 at the impact speed 10 m.s-1 by varying 
Young’s modulus of the test piece. Even when the yield stresses are same, the restitution coefficient becomes large 
as Young’s modulus of the test piece decreases. This behavior can be understood from the thing that elastic energy 
absorbed in the test piece is inversely proportional to Young’s modulus of the test piece and thus increased 
absorbed elastic energy reflects in an increase of the rebound speed. 
Table 3.  Relation between restitution coefficient e and Young’s modulus Et of test piece. (Vy = 980 MPa, n= 0.01, vi= 10 m.s-1) 
Young’s modulus of test piece  Et [GPa]                41.2                   68.6                  102.9                 201.6                 411.6  
Restitution  coefficient  e                                        0.809                 0.705                0.626                 0.501                 0.401 
3.3. Affecting factors in impact ball side 
Relating to the influence of Young’s modulus of the impact ball, Table 4 gives the restitution coefficient e 
varying with Young’s modulus Ei of the impact ball. The restitution coefficients given in the table were obtained 
for the test piece of yield stress Vy= 980 MPa and work-hardening index n= 0.01 at the impact speed 10 m.s-1 by 
varying Young’s modulus of the impact ball. Even when the yield stresses are same, the restitution coefficient 
becomes large as Young’s modulus of the impact ball decreases. This behavior can be also understood from the 
thing that elastic energy absorbed in the impact ball is inversely proportional to Young’s modulus of the ball and 
thus increased absorbed elastic energy reflects in an increase of the rebound speed. 
Table 4.  Relation between restitution coefficient e and Young’s modulus Ei of impact ball. (Vy = 980 MPa, n= 0.01, vi= 10 m.s-1) 
Young’s modulus of impact ball  Ei [GPa]                20.6               41.2              68.6             102.9            205.8            411.6  
Restitution  coefficient  e                                           0.628             0.550            0.517           0.510            0.501            0.497 
 
Relating to the influence of density of the impact ball, Table 5 gives the restitution coefficient e varying with 
the impact speed vi under the variation of the density of the impact ball. These results were obtained for the test 
piece of steel of yield stress Vy= 980 MPa. Looking at the three different restitution coefficients at the impact speed 
10 m.s-1, it is seen that the lower the density, the larger the restitution coefficient. However, arranging the 
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restitution coefficients with respect to the impact energy, which is not shown here, three relations were unified. 
Thinking of the mass effect of the impact ball on condition that impact energy and size of the impact ball are fixed, 
the kinetic momentum of impact ball from which the mass effect arises is directly proportional to the square root of 
the density. Therefore, to minimize the mass effect in the micro rebound hardness test, a ceramic ball of lower 
density, such as alumina or silicon-nitride, is preferable for the impact ball. 
Table 5. Relation between restitution coefficient e and density U of impact ball. (Vy = 980 MPa, n= 0.01, Uo = 7.86 Mg.m-3)  
Impact speed  vi [m.s-1]  
Density of impact ball  U                     5                        10 / 2                  10                       10 2                    20 
Uo /2                                                      -                        -                             0.545                   0.501                    0.464  
Uo                                                          -                        0.538                     0.501                   0.464                    -  
2Uo                                                       0.538                 0.502                      0.464                    -                           -  
 
Relating to the influence of hardness of the impact ball, Fig. 3 shows the variations of the maximum equivalent 
stress Veq max produced in the impact ball and its ratio to the yield stress Vy of the test piece with the yield stress. In 
the figure, the value of the restitution coefficient obtained in each calculation is also added near the point 
presenting the relationship between Veq max /Vy and Vy. This figure shows that, in order to get a reliable test result, it 
is necessary to use an impact ball having hardness 1.5 times higher than the hardest test piece applicable to the test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Plots of maximum equivalent stress Veq max
 
in impact ball and its ratio to yield stress Vy of test piece against yield stress. (vi= 10 m.s-1) 
3.4. Features of restitution coefficient measured in micro rebound hardness test 
The micro rebound hardness is evaluated based on the measured restitution coefficient. As for the calculated 
restitution coefficient e, it has a good linear relationship with common logarithmic values of the impact speeds vi as 
shown in Fig. 4, and their relation can be well expressed by 
    
ic
i
v
vAe 10log1  ,                                                                                                                                            (4) 
where vic is a critical impact speed at which the collision mode changes from a perfectly elastic one to an elastic-
plastic one, or vice versa. The critical speed has the physical meaning as follows. When the impact speed exceeds 
this critical speed, plastic deformation starts to occur in the test piece. Therefore, the critical impact speed can be 
related to the yield stress of test piece. 
Table 6 gives the coefficient A and the critical speed vic obtained from the best fitting of the curves to Eq. (4). 
The critical speeds estimated for the different work-hardening indexes show almost same values depending on the 
yield stress, though the cases for low yield stress show somewhat variations in the values. The variations in the 
value vic would be derived from lower accuracy in the too distant extrapolations. 
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Fig. 4. Semilogarithmic expression of relation between restitution coefficient and impact speed in Fig. 2. 
   Table 6. Estimated coefficient A and critical impact speed vic in Eq. (4). 
Yield stress  Vy [MPa]               294                             490                              980                             1960 
Work-hardening index  n          A [-]      vic [m.s-1]        A [-]      vic [m.s-1]        A [-]      vic  [m.s-1]       A [-]      vic [m.s-1]        
0.01                                           0.172     6.4x10-4        0.207     8.1x10-3         0.240     8.4x10-2        0.277     6.5x10-1  
0.05                                           0.171     7.3x10-4        0.203     8.1x10-3         0.241     9.6x10-2        0.277     7.0x10-1 
0.1                                             0.172     1.0x10-3        0.199     9.0x10-3         0.234     1.0x10-1        0.266     7.1x10-1 
0.2                                             0.170     1.7x10-3        0.195     1.3x10-2         0.221     1.1x10-1        0.241     7.2x10-1 
0.3                                             0.162     2.1x10-3        0.185     1.7x10-2         0.206     1.2x10-1        0.217     7.2x10-1 
0.5                                             0.139     3.6x10-3        0.152     1.9x10-2         0.162     1.1x10-1        0.171     6.9x10-1 
4. Conclusions 
Through this study, the following features useful for developing a micro rebound hardness tester were revealed 
along with the characteristics of the restitution coefficient of the impact ball useful for understanding the test result. 
(1) For reducing the mass effect in the test, a use of impact balls with lower density is effective. In this sense, a  
ceramic ball, such as an alumina ball, having a lower density than the hardened steel ball is preferable for the 
impact ball. 
(2) As for the size of the impact ball in order to obtain a reliable test result, it is required that its diameter should be  
less than two thirds of the thickness of the test piece.  
(3) As for the hardness of the impact ball to obtain a reliable test result, it is required that the impact ball should be  
one and half times as hard as the hardest test piece in the applicability of the tester. 
(4) In the micro rebound hardness test, not only the plastic flow stress but also an elastic property such as Young’s  
modulus of the test piece reflects in the test result, while the elastic property less reflects in the test result with 
the indentation hardness tests such as Vickers hardness and Brinell hardness tests. 
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